Distribution of glycoconjugates in different areas of the rat kidney was studied by light and electron microscopy using six different horseradish peroxidase-labeled lectins. Glomeruli and brush borders of the proximal tubules reacted differently to these lectins, which indicated differences in the carbohydrate compositions of those regions.
Introduction
To correct the defects of conventional histochemical staining of glycoconjugates, lectins have been introduced for glycoconjugate histochemistry during the last decade. Instead of lectins labeled with fluorescent dye, the use of horseradish peroxidase-labeled lectins has been introduced, and this method is becoming a primary technique in this field (1, 4, 15, (17) (18) (19) . Glycoconjugates appear to play an essential role in many functions, such as the control of glomerular permeability and tubular transport mechanisms in the kidney. Changes in the amount and distribution of glycoconjugates have been observed in various renal diseases (3, 6) . The present study reports lectin binding patterns in different regions of the kidney, with special reference to its cell surface.
Materials and Methods
Lectins. Horseradish peroxidase-labeled lectins from Dolichos biflorus (horse grain; DBA), Arachis hypogaea (peanut; PNA), Ricinus communis-1 (castor bean; RCA-I), Glycine max (soybean; SBA), Ulex europaeus-1 (gorse; UEA-1), and Triticum vulgare (wheat germ; WGA) were the products of E. Y. laboratories (San Mateo, CA).
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Preparation of tissue sections. Kidneys from adult Wistar rats of both sexes (150-200 g body weight) were fixed in Carnoy's fluid for 8 to 24 hr, dehydrated through a graded series of ethanol, and embedded in paraffin. Four micrometer thick sections were cut and used for staining.
Staining with HRP-lectins. After hydration, sections were stained with HRP-lectins. The procedures were similar to those of Stoward et al. (15) . As an adjunct to their staining protocol, washing with 1% bovine serum albumin (BSA) dissolved in phosphate buffered saline was performed before and after conjugate staining. The concentrations of lectins used in the present study were as follows: DBA 25 µg/ml, PNA 25 sglml, RCA-1 20 gg/ml, SBA 20 µg/ml, UEA-1 33-50 µg/ ml, and WGA 33 pg/ml. Conventional staining of glycoconjugates. Some tissue sections were stained with periodic acid-Schiff, Alcian blue (pH 2.5), and Alcian blue (pH 2.5) plus PAS. Antisera. To identify the lectin-binding regions of kidney tissues, antisera against brushin, a carbohydrate antigen, and DBA were used for comparison. It has been ascertained that antiserum to brushin is a marker of proximal tubule and that of carbohydrate antigen (TC) is a marker of collecting tubule (13, 14) . Antiserum to DBA was also used as a marker of collecting tubule.
Electron microscopic study. Kidneys were fixed in either 2.5% glutaraldehyde or Zamboni s fluid for 2 to 4 hr at 4°C. The procedural techniques noted below are basically the same steps as those used by Yokoyama et al. (18) . In some experiments, the inverted gelatin method was used instead of thick frozen sections. Thiery's periodic acidthiocarbohydrazide-silver proteinate (PA-TCH-SP) staining method Figure  10 ), to a new carbohydrate antigen ( Figure 11 ), and to DBA ( Figure  12 ). Bars = 100 µm. and Hardin and Spicer's dialyzed iron (DI) staining method were used (8, 16) . For the demonstration of brushin and TC, the indirect method was used.
Results

Overview of Binding Sites of Each Lectin-HRP
The staining pattern for DBA, PNA, SBA, and UEA-1 showed a discrete distribution of binding sites, whereas RCA-1 and WGA showed a diffuse distribution (Figures 1-9 ). The distribution and intensity of binding sites of each lectin-HRP are summarized in Table 1 . Table 1 . Distribution of each lectin binding site at each segment of the normal rat kidney" Glomeruli. These were stained with RCA-1, UEA-1, and WGA ( Figures 3, 5, 6) . With RCA-1 and WGA, the capillary wall and the mesangial region were moderately stained. The binding sites of UEA-1 were the vessels.
Proximal tubules. With DBA-HRP, the brush borders of S2 were more intensely stained than those of S1, whereas the brush borders of S3 showed almost no staining. The cytoplasm and the basal portion of Si and S2 were also stained with DBA-HRP ( Figure 1 ). With PNA-HRP and SBA-HRP, the brush borders of S3 were weakly stained. The luminal surfaces and cytoplasm of Si and S2 were moderately stained with these conjugates (Figures 2, 4 ). The basal portion was not stained with PNA-HRP, although this portion was stained with SBA-HRP. On the other hand, with RCA-1-HRP and WGA-HRP, all segments of the brush borders were stained (Figures 3, 6) . The brush borders of S3 were more intensely stained than those of Si and S2. The cytoplasm and tubular basement membranes of all segments were stained by these lectins. UEA-1-HRP stains neither the brush border, the cytoplasm, nor basal parts of the proximal tubules ( Figure 5 ).
Thin descending loop of Henle (DLH). Except for DBA-HRP and UEA-I-HRP, the luminal surfaces of the DLH were stained by lectin-HRP conjugates.
Thick ascending loop of Henle (ALH). DBA-HRP did not stain the cells of the ALH. With PNA-HRP and SBA-HRP, the cell surfaces and the cytoplasm of the ALH were strongly stained (Figures 8, 9 ). With RCA-I-HRP, UEA-1-HRP, and WGA-HRP, the cytoplasm of the ALH was weakly stained. With RCA-I-HRP and WGA-HRP, luminal cell surfaces and interstitia were also stained.
Distal convoluted tubules (DCT). Although DBA-HRP did not stain the cells of ALH, this conjugate did stain the cells of DCT. The luminal parts of DCT were strongly stained, and the invaginations of the plasmalemma of DCT were also strongly stained. With PNA-HRP and SBA-HRP, DCT was moderately stained. With WGA-HRP, luminal surface and capillary walls were weakly stained.
Collecting tubules (CT). Some cortical and outer medullary collecting tubular cells were diffusely stained with DBA-HRP, whereas in other cells the luminal surfaces were moderately stained with DBA-HRP. These diffusely stained cells were more frequently observed at the cortex and the outer medulla than at the inner medulla. The cells at the inner medulla were generally more strongly stained than those in the cortex and outer medulla with DBA-HRP, RCA-1-HRP, and SBA-HRP (Figures 7, 9 ). With PNA-HRP, the luminal surfaces of all regions were strongly stained (Figure 8 ). With UEA-1-HRP and WGA-HRP, the cells were weakly stained in all regions. Antiserum to brushin stained the proximal convoluted tubules ( Figure 10 ). Antisera to new TC and to DBA stained the collecting tubules (Figures 11, 12 ).
Electron Microscopic Observations
Proximal tubules. At the electron microscopic level, the membranes of the brush borders and some of the apical vesicles and Golgi apparatus were covered by dense reaction products with DBA-HRP, PNA-HPR, RCA-1-HRP, and SBA-HRP (Figures 13, 14) , while the membranes and all apical vesicles were covered by silver particles from PA-TCH-SP staining (Figure 15 ). Distal tubules. The entire infolding basal plasmalemma and luminal surface membranes were outlined by reaction products with DBA-HRP; with PNA-HRP, only the luminal surface membranes were coated by reaction products. With PA-TCH-SP staining, reaction products outlined the entire system of basal plasmalemma, luminal surface membranes, tubular basement membranes, and some intracytoplasmic organellae ( Figure 16 ). Thin portions of Henle's loop were moderately to strongly stained with DI ( Figure 17 ). Although the luminal surface membranes of DCT were outlined by reaction products, the tubular basement membranes and infolding basal plasmalemma were free of reaction products with WGA-HRP. The capillary walls and the cytoplasm showed positive reaction with WGA-HRP.
Collecting tubules. The two cell types of CT reacted differently with PNA-HRP, i.e., one had reaction products at the luminal surface membranes and vesicles in the cytoplasm (Figure 18 ), and the other showed reaction products only at the luminal surface. Tubular basement membranes and lateral membranes showed no reaction products by PNA-HRP. Not all of the cytoplasmic vesicles had binding sites for PNA. With SBA-HRP, the reaction products outlined the entire luminal surface membranes and basal invagination of plasmalemma, but did not outline the tubular basement membrane, lateral membrane, and intracytoplasmic organellae.
Controls. With exposure of hydrated sections to periodic acid, it was found that except for WGA-HRP, specific staining disappeared completely even after 10 min of periodic acid exposure. In the case of WGA-HRP, the intensity of specific staining decreased after 60 min exposure but did not disappear completely. With the adding of haptenic sugar to each lectin-HRP, specific reaction products completely disappeared except in the case of WGA. With WGA, specific reaction products decreased but did not disappear.
Discussion
Biochemical analysis of glomerular basement membrane (GBM) showed that it contained abundant glucose, galactose, and glucosamine, and, to a lesser extent, galactosamine, mannose, fucose, and sialic acid (11) . The results obtained in the present study confirmed that the GBM has terminal nonreducing galactosyl residues specifically bound with RCA-1 and sialic acid and GIcNAc residue specifically bound with WGA. Although GBM has hexosamines, in the present study, DBA-HRP, PNA-HRP, and SBA-HRP failed to stain the glomeruli. This may be due to the following reasons: first, hexosamines are too few in quantity to be detected histochemically; secondly, since hexosamines are not the terminal carbohydrate components, they can not react with lectin-HRP; and thirdly, there may be some steric hindrances in the tissue preparation and staining. Finally, as a lesser possibility, hexosamines may be destroyed during the process of tissue preparation. Concerning the second possibility, Stoward et al. (15) found that after sialidase digestion, glomeruli of the normal mouse kidney became positive for PNA staining. They suggested that terminal sialic acid was removed and galactosyl residues imparted affinity for PNA. Holthofer et al. (9) and Faraggiana et al. (4) also reported similar results in the human kidney after sialidase digestion. On the other hand, monkey glomeruli have strong binding sites for PNA without any sialidase treatment (Hamada and Murata, unpublished data). This means that species differences must be taken into consideration when interpreting the results of staining.
Conventional periodic acid-Schiff staining revealed regional differences in staining intensity of proximal tubules (12) . The present work revealed more detailed segmental differences using six lectins. The brush borders of Si and S2 are abundant in terminal nonreducing Ga1NAc and Gal(1->3) Ga1NAc, judged from the binding with DBA, SBA, and PNA, whereas those of S3 are not. On the other hand, terminal nonreducing galactosyl residues, G1cNAc, and sialic acid, which were specifically bound with RCA-1 and WGA, are plentifully distributed at the brush borders of all segments.
DBA may be a good marker for distinguishing ALH from DCT, as DBA has binding sites at both luminal and basement membrane sites for DCT and not ALH. DBA, SBA, and PNA are also good markers for the collecting tubules. The collecting tubules of all regions were intensely stained with these lectins. Antiserum to DBA also stained the collecting tubules.
The principal physiological role of ALH is in net sodium chloride reabsorption on the basis of active transport of chloride (2) . Although the kidney is known to be a poor secretor of glycoprotein, ALH is one of the unique regions in the kidney that produces and secretes urinary glycoproteins, the so-called Tamm-Horsfall protein (TH protein). The exact distribution of the TH protein has been demonstrated by immunoelectron microscopy (10) . In this ALH region, TH protein may have a specific physiological role as a diluting segment of the nephron. The major carbohydrate components of TH proteins are galactose, mannose, GlcNAc, and fucose (5) . In most aspects, our histochemical results are consistent with the above biochemical data. The positive staining with DI and WGA-HRP at the luminal surface of the thin loop of Henle suggests the presence of sialoglycoprotein in this region.
Throughout the entire collecting tubule, two cell types are discernible: the major type is the light cell, and the other type is the intercalated or dark cell. The intercalated cells make up 36-40% of all cells in the rat cortical and outer medulla and only 1% in the inner medulla (7) . Some cells strongly stained with DBA-HRP in these regions may correspond to the intercalated cells, on the basis of the observation that these were more frequently seen at the cortical and outer medullary region and were rarely seen at the inner medulla. If this assumption is correct, it is possible to identify intercalated cells with DBA-HRP.
In conclusion, the differences of carbohydrate composition in each region of the normal rat kidney have been ascertained, and these differences may reflect the specific function of each region. The precise physiological role of the glycoconjugates in each region requires further investigation.
